body fat mass was reduced and the expression of genes involved in fatty acid oxidation and energy expenditure was induced when rats were fed pollock fish protein hydrolysate, abundant in the amino acids taurine and glycine, relative to soya protein or casein (2) . However, human studies have shown conflicting results. In two follow-up studies of middle-aged women and men no appreciable associations between fish consumption and subsequent change in body weight were found (3, 4) . A randomised clinical trial of young overweight or obese adults following an energy-restricted diet for 8 weeks showed that the inclusion of lean fish, fatty fish or fish oil capsules resulted in statistically significantly more weight loss than did a control diet without marine food, but among men only (5) . A specific effect of long-chain n-3 PUFA may explain more weight loss of the diets including fatty fish or fish oil but not more weight loss of the diet including lean fish. Thus, the findings from that study suggest that some components of fish other than long-chain n-3 PUFA may improve weight loss such as proteins and specific amino acids. We investigated the association between fish consumption and subsequent change in body weight. Based on previous findings, we hypothesised that both total fish consumption and the consumption of subgroups of fish (lean and fatty fish) are negatively associated with weight change. Sex, age and BMI at enrolment were considered as potential effect modifiers.
Materials and methods

Study design and population
In a follow-up study, we investigated the association between fish consumption and subsequent change in body weight. The study is part of the Physical Activity, Nutrition, Alcohol, Cessation of smoking, Eating out of home And obesity (PANACEA) project, which aims at studying determinants of body weight and subsequent changes in weight in Europe using data from the European Prospective Investigation into Cancer and Nutrition (EPIC). The participants (n 521 448) were recruited in twenty-three centres located in ten European countries (Denmark, France, Germany, Greece, Italy, The Netherlands, Norway, Spain, Sweden and the UK) (6, 7) .
The majority of the centres invited participants from the general population typically identified according to sex and age (Denmark, Germany, Greece, Naples and Varese in Italy, Among the 521 448 (71 % women) participants enrolled, persons for whom information on diet, tobacco or alcohol consumption was missing (n 6675) and persons for whom reported energy intake was extreme (, 1 and .99 % percentile of the ratio of reported energy intake to estimated energy requirement, n 10 209) were excluded, leaving 504 564 participants. Between the examination at enrolment and the time of invitation to the follow-up examination, 8226 persons had died and 3991 persons had emigrated or disappeared. Among the 492 347 participants eligible for invitation to follow-up, 85 679 did not respond or did not want to participate. Further, 23 957 persons were not yet approached for follow-up. Among the 382 711 participants at follow-up, persons for whom information on follow-up time was equal to zero or missing (n 1530), persons for whom information on height or weight was missing (n 4313) and persons for whom information on anthropometric measurements was extreme (height ,130 cm, weight .250 kg, BMI , 16 kg/m 2 , waist circumference .160 cm, waist circumference ,60 cm if BMI . 25 kg/m 2 , or average weight change . 5 kg/year during the observation period, n 2442) were excluded. Finally, pregnant women (n 623) and persons with a chronic disease (prevalent diabetes, cancer or CVD) at enrolment (n 29 046) were also excluded. The rationale for the exclusion of persons with a chronic disease was the likelihood of changes in dietary habits and anthropometry as a result of diagnosis and treatment. Thus, the final population consisted of 344 757 persons (72 % women). In the subgroup analyses of lean and fatty fish consumption, the Heidelberg and Potsdam cohorts in Germany, the Naples cohort in Italy and the Murcia cohort in Spain were excluded because of the lack of sufficient details in the questionnaire for classifying fish consumption into lean and fatty fish, leaving 299 828 persons (74 % women) in the analyses of lean and fatty fish consumption. A flow chart of the exclusion criteria is shown in Fig. S1 (available online).
Dietary assessments
Information on habitual dietary intake was collected at enrolment through country-specific questionnaires developed and validated within the various study populations participating in the EPIC study (7) . The questionnaires were validated against twelve 24 h dietary recalls in seven of the ten countries (8) . Averaged over subgroups by country and sex, the correlation coefficient between the individuals' average total fish consumption estimated from the 24 h dietary recalls and total fish consumption estimated from the dietary questionnaires was 0·37. Based on information from the dietary questionnaires, we investigated total fish, lean fish and fatty fish consumption. Lean fish was classified as fish with , 4 g fat/100 g fish and fatty fish as fish with 4 g fat/100 g fish or more (9) .
In a large random sample of the participants, information on dietary intake was also collected through a standardised 24 h dietary recall interview using a software program (EPIC-SOFT) developed to standardise dietary intakes reported across the EPIC study centres (10, 11) . Data collected through this method were used to account for potential measurement errors introduced by the country-specific questionnaires.
Anthropometric measurements
At enrolment, trained staff measured height and weight according to a pre-specified protocol, with participants wearing no shoes and either light underwear, light clothing or normal clothing depending on centre. Height was measured to the nearest 0·1, 0·5 or 1·0 cm, and weight was measured to the nearest 0·1 or 0·5 kg depending on centre (12) . Weight was adjusted to reduce heterogeneity due to protocol differences in clothing worn during measurement. For participants in light clothing, the adjustment was 2 1·0 kg and for participants in normal clothing 2 1·5 kg (12, 13) . At the French, Norwegian and Oxford centres, anthropometric measurements were self-measured by the participants and reported in a questionnaire. The accuracy of the self-measured weight by the participants from the Oxford health-conscious population was improved by using prediction equations derived from the Oxford general population for whom both selfmeasured weight and technician-measured weight were available (14) . At follow-up, weight measurements were performed as at enrolment in the Cambridge centre and in the Doetinchem cohort (part of the Bilthoven centre). In the Amsterdam/Maastricht cohort (part of the Bilthoven centre) and in the other centres, the participants measured their current weight and reported in a follow-up questionnaire. The accuracy of self-measured weight by comparison with technician-measured weight has been assessed previously, and self-measured weight was found to be sufficiently accurate for identifying associations in epidemiological studies (14) .
Fish consumption and body-weight change
The outcome measure was annual change in body weight defined as weight at follow-up minus weight at enrolment divided by follow-up time. We also applied the Oxford prediction equations (14) to all participants with self-measured weight (at enrolment and/or follow-up) and calculated corrected annual change in weight. BMI was calculated as weight in kg divided by height in m 2 (15) .
Covariates
Information on sociodemographic and lifestyle characteristics was collected through standardised questionnaires at enrolment. A four-level physical activity index (inactive, moderately inactive, moderately active and active) was derived by combining occupational physical activity with time spent on biking and other physical exercise (such as fitness training, aerobics, swimming and jogging) over the past year (16) .
Statistical analyses
The associations between fish consumption (10 g/d) and 1-year weight change (g) were investigated using mixed-effects linear regression with random effects on intercept, taking into account the clustering of the data within centres nested within countries. Because of differences in the follow-up times or differences in the assessment of follow-up weight measures, the centres in Germany (Heidelberg and Potsdam), The Netherlands (Amsterdam/Maastricht, Doetinchem and Utrecht), Sweden (Malmö and Umeå) and the UK (Cambridge, Oxford general population and Oxford health-conscious population) were treated as separate centres. Analyses were carried out separately for women and men. We fit two models. The covariates in model 1 were country, centre and an indicator variable for fish consumption (consumers and non-consumers). Lean and fatty fish consumption were analysed in mutually adjusted models. The covariates in model 2 were the covariates in model 1 plus suggested risk factors for the development of obesity: age, BMI at enrolment, menopausal status (pre-, peri-and postmenopausal; women only), highest educational level achieved (no graduation, primary school, technical or professional school, secondary school, university degree and not specified), smoking status (never, former, current and unknown), physical activity level (inactive, moderately inactive, moderately active and active), total energy intake (including energy intake from alcohol consumption), and an indicator variable for the plausibility of reported energy intake (under-, acceptable-and over-reporters).
Under-reporters were defined as persons with calculated values of the ratio of reported energy intake to estimated BMR below 1·14; over-reporters were defined as persons with values above 2·10 (17, 18) . Adjustment for continuous variables was done using restricted cubic spline regression. For categorical variables, missing values (1·5 % women and 0·8 % men for education and 13·4 % women and 8·5 % men for physical activity) were treated as a separate category. By stratifying the data, possible effect modification by age (classified as age at enrolment of , 60 and $ 60 years) and BMI (classified as BMI at enrolment of 18·5 to ,25, 25 to , 30 and $ 30 kg/m 2 ) was investigated. We assessed the associations for fish consumption for non-linearity in restricted cubic spline regression models. No violations were detected (data not shown).
To assess heterogeneity among the countries, country-specific (or centre, for centres with different follow-up times or differences in assessments of follow-up weight measures) estimates were calculated, and random-effects meta-analysis was used to pool these estimates. In order to adjust for potential systematic over-or underestimation of fish consumption measurements by the dietary questionnaires, the mixed-effects linear regression analyses were rerun using predicted fish consumption data obtained from the regression of the standardised 24 h dietary recall interview measurements on the country-specific dietary questionnaire measurements (19) . Covariates as listed above (model 2), the season of the year in which the 24 h dietary recall interview was collected, and an interaction term between centre and dietary questionnaire were included in the model. The standard errors of the coefficients were estimated using bootstrap sampling (300 loops).
Secondary analyses were carried out to investigate the association between fish consumption (10 g/d) and the odds of becoming overweight or obese (defined as BMI $ 25 kg/m 2 ) after 5 years of follow-up using logistic regression with random effects on intercept, taking into account the clustering of the data within centres nested within countries and additionally adjusted for covariates as listed above. For these analyses, only participants who had a BMI , 25 kg/m 2 at enrolment were included (n 184 471; 53·5 % of the study population). BMI after 5 years of follow-up was calculated using annual change in body weight and height at enrolment. A total of 15·7 % of those who had a BMI ,25 kg/m 2 at enrolment became overweight or obese after 5 years. To assess heterogeneity among countries, country-specific (or centre) estimates were calculated, and random-effects meta-analysis was used to pool these estimates. Analyses of fish consumption and the odds of becoming overweight or obese at follow-up stratified by , 5 or $5 years of follow-up were also conducted.
Data analyses were performed using Stata statistical software, release 11.2 (Stata Corporation).
Results
Characteristics of the study population are shown in Table 1 . Ranges of fish consumption and anthropometry by country (or centre) are shown in Table S1 (available online) .
Among women, the median follow-up time was 5·0 years (80 % central range 2·7-9·0) and among men, the median follow-up time was 5·2 years (80 % central range 2·8-9·6). Table 2 shows the associations between fish consumption and subsequent change in body weight. Among women, the annual weight change was 5·70 g/10 g higher total fish consumption per d (95 % CI 4·35, 7·06), 2·23 g/10 g higher lean fish consumption per d (95 % CI 0·16, 4·31) and 11·12 g/10 g higher fatty fish consumption per d (95 % CI 8·17, 14·08), after adjustment for potential confounders. Among men, fish consumption was not statistically significantly associated with weight change. Using calibrated fish consumption data did not systematically change the observed associations, but the 95 % CI became wider ( Table 2 ). The results in subgroups from analyses stratified by age at enrolment (Table 3) or BMI at enrolment (Table 4) 
* n 249 558 for women and n 95 199 for men. † From multilevel mixed-effects linear regression with random effects on intercept, taking into account the clustering of the data within centres nested within countries plus adjusting for an indicator variable for fish consumption. Lean and fatty fish consumptions were analysed in mutually adjusted models. ‡ As model 1 plus adjusting for age, BMI at enrolment, menopausal status (women only), highest educational level achieved, smoking status, physical activity level, total energy intake and an indicator variable for the plausibility of reported energy intake. § In order to adjust for potential systematic over-or underestimation of fish consumption measurements by the country-specific dietary questionnaires, the analyses were rerun using predicted fish consumption data obtained from the regression of the standardised 24 h dietary recall interview measurements on the country-specific dietary questionnaire measurements. Covariates as listed in model 2, the season of the year in which the 24 h dietary recall interview was collected, and an interaction term between centre and dietary questionnaire were included in the model. The standard errors of the coefficients were estimated using bootstrap sampling (300 loops). k n 222 609 for women and n 77 219 for men. P¼ 0·000; Fig. S4 , available online). In most countries, a positive association between fish consumption and weight change was observed. However, in Greece, The Netherlands (Amsterdam/ Maastricht) and the UK (Oxford general population), negative associations for total fish consumption were observed; in Denmark, Greece, The Netherlands (Doetinchem) and the UK (Oxford general population), negative associations for lean fish consumption were observed; and in Sweden (Malmö), a negative association for fatty fish consumption was observed. Among men, heterogeneity across countries was not observed (Figs. S5 -S7, available online). The results from secondary analyses of odds of becoming overweight or obese in 5 years associated with fish consumption (10 g/d) are shown in Table 5 . Among women, the OR of becoming overweight was 1·02/10 g higher total fish consumption per d (95 % CI 1·01, 1·02), 1·01/10 g higher lean fish consumption per d (95 % CI 1·00, 1·02) and 1·02/10 g higher fatty fish consumption per d (95 % CI 1·01, 1·04), after adjustment for potential confounders. Among men, fish consumption was not statistically significantly associated with odds of becoming overweight or obese in 5 years. Among women, statistically significant heterogeneity across countries was observed for total fish consumption (I 2 ¼ 66·2 %, P¼0·000; Fig. S8 , available online), lean fish consumption (I 2 ¼ 54·2 %, P¼ 0·008; Fig. S9 , available online) and fatty fish consumption (I 2 ¼ 64·2 %, P¼0·001; Fig. S10 , available online). In most countries, a positive association between fish consumption and becoming overweight or obese was observed. However, in Denmark, Greece, The Netherlands (Utrecht) and the UK (Oxford general population), negative associations for total fish consumption were observed; in Greece, The Netherlands (Amsterdam/Maastricht and Utrecht) and the UK (Oxford general population), negative associations for lean fish consumption were observed; and in Denmark, Norway, Sweden (Malmö) and the UK (Oxford general population), negative associations for fatty fish consumption were observed. Among men, statistically significant heterogeneity across countries was observed for lean fish consumption (I 2 ¼ 46·1 %, P¼0·046; Fig. S12 , available online) but not for total fish (Fig. S11, available online) or fatty fish consumption (Fig. S13, available online) . In most countries, a negative association between lean fish consumption and becoming overweight or obese was observed. However, in The Netherlands (Doetinchem), Sweden (Umeå) and the UK (Oxford health-conscious population), positive associations for lean fish consumption were observed. The results in subgroups from analyses stratified by followup time were not systematically different (data not shown).
Discussion
In the present study, with participants from ten European countries, fish consumption was weakly positively associated with subsequent change in body weight, but among women only. Expressed in terms of portion sizes, the annual weight change was 11·40 g per one portion size (140 g) higher total fish consumption per week (95 % CI 8·69, 14·12). The weak association is thus without any implications at the individual level and probably with minor, if any, implications at the population level.
We used data from different populations with different diets which allowed us to investigate the association between fish 
* n 206 508 for women aged , 60 years and n 43 050 for women aged $ 60 years; n 74 727 for men aged , 60 years and n 20 472 for men aged $60 years. † From multilevel mixed-effects linear regression with random effects on intercept, taking into account the clustering of the data within centres nested within countries plus adjusting for an indicator variable for fish consumption. Lean and fatty fish consumptions were analysed in mutually adjusted models. ‡ As model 1 plus adjusting for age, BMI at enrolment, menopausal status (women only), highest educational level achieved, smoking status, physical activity level, total energy intake and an indicator variable for the plausibility of reported energy intake. § In order to adjust for potential systematic over-or underestimation of fish consumption measurements by the country-specific dietary questionnaires, the analyses were rerun using predicted fish consumption data obtained from the regression of the standardised 24 h dietary recall interview measurements on the country-specific dietary questionnaire measurements. Covariates as listed in model 2, the season of the year in which the 24 h dietary recall interview was collected, and an interaction term between centre and dietary questionnaire were included in the model. The standard errors of the coefficients were estimated using bootstrap sampling (300 loops). k n 183 236 for women aged , 60 years and n 39 373 for women aged $ 60 years; n 59 945 for men aged , 60 years and n 17 274 for men aged $60 years. Lean and fatty fish consumptions were analysed in mutually adjusted models. ‡ As model 1 plus adjusting for age, BMI at enrolment, menopausal status (women only), highest educational level achieved, smoking status, physical activity level, total energy intake and an indicator variable for the plausibility of reported energy intake. § In order to adjust for potential systematic over-or underestimation of fish consumption measurements by the country-specific dietary questionnaires, the analyses were rerun using predicted fish consumption data obtained from the regression of the standardised 24 h dietary recall interview measurements on the dietary country-specific questionnaire measurements. Covariates as listed in model 2, the season of the year in which the 24 h dietary recall interview was collected, and an interaction term between centre and dietary questionnaire were included in the model. The standard errors of the coefficients were estimated using bootstrap sampling (300 loops). k n 133 093 for women with BMI of 18·5 to ,25·5 kg/m consumption and subsequent change in body weight among women and men and over a wide range of exposures (5 -81 g fish/d among women and 5 -82 g fish/d among men). We observed statistically significant heterogeneity across studies for several of our analyses. The large study sizes confer a statistical power that allowed us to detect heterogeneity, which is of minor, if any, clinical relevance. Visual inspection of our various forest plots and the relative consistency of the measures of associations across age and BMI at enrolment as well as follow-up time suggest that there is considerable consistency in the findings across studies and across strata. Exclusions were primarily due to nonresponse at follow-up. Non-response may be related to either the exposure to fish consumption or the weight change but most probably not to both the exposure to fish consumption and the weight change. Thus, selection bias is unlikely to have affected the results. Measurement errors may have affected the results. In order to adjust for potential systematic over-or underestimation of fish consumption measurements by the dietary questionnaires, the analyses were rerun using calibrated fish consumption data. This did not, however, systematically change the observed associations, but the 95 % CI became slightly wider. At enrolment, weight was measured by trained staff, but at follow-up, information on weight was self-measured by the participants in most centres. Most probably, however, the reporting of follow-up weight was not related to the exposure to fish consumption. Thus, information bias is of limited concern. Detailed information on the potential confounders reduces the possibility of residual confounding. However, confounding from other risk factors for development of obesity not taken into account remains a possible explanation for the findings. Adjustment for total energy intake has two implications: first, non-energy effects of fish consumption are investigated; second, a substitution model is introduced. Fish consumption and food choices associated with fish consumption may replace food choices, which potentially affect body composition and shape, but in the present study, the replacement foods were not specified. Studies on overall dietary patterns, e.g. the Mediterranean dietary pattern, and weight change are available (20) , but these studies do not provide information on the role of individual foods. Thus, investigating dietary patterns and investigating specific foods are complementary approaches towards providing knowledge of how the intake of foods affects body weight. In sensitivity analyses, we included other foods than fish that are characteristic of the Mediterranean dietary pattern. Additional adjustment for intake of these foods did not change the measures of associations. Although, the interpretation of the two models is different, these analyses suggest that fish consumption is not just an indicator of other foods which may be important in body composition and shape.
The principal long-chain n-3 PUFA in the diet are EPA and DHA, with fish consumption being the main source of longchain n-3 PUFA. In a clinical trial, the substitution of fish oil capsules for visible fats (butter, olive oil, sunflower oil and peanut oil) statistically significantly decreased body fat mass among healthy young adults (21) . Furthermore, substitution of fish oil for visible fats increased basal fat oxidation, suggesting that long-chain n-3 PUFA may to some extent modulate the balance between fat oxidation and deposition. In a weightloss trial, however, supplemental long-chain n-3 PUFA did not increase loss of body fat mass or weight among overweight and obese adults (22) . The findings from the present study are in agreement with previous findings of no appreciable associations between fish consumption and subsequent change in body weight among middle-aged women and men (3, 4) but are in contrast with the findings from a clinical trial of young overweight or obese adults following an energy-restricted diet for 8 weeks (5) . In that trial, the inclusion of lean fish, fatty fish or fish oil capsules resulted in statistically significantly more weight loss than did a control diet without marine food, but among men only. The association between fish consumption as a proxy measure for intake of long-chain n-3 PUFA and body-weight change may depend on the size of the fat mass at enrolment. In the present study, fish consumption was weakly positively associated with subsequent weight change among women but not among men. However, the present study did not suggest systematical differences in the associations across strata of age or across strata of general obesity measured as BMI.
In conclusion, the present study provides strong evidence to support that fish consumption does not prevent body-weight gain. However, the absence of weight change may imply important changes in body composition and shape. Future studies should address these aspects before recommendations on fish consumption can be made. We have investigated the association between fish consumption and subsequent change in waist circumference (23) . That study provided evidence to support that fish consumption does not prevent an increase in waist circumference. * n 150 808 for women and n 33 663 for men. † From logistic regression with random effects on intercept, taking into account the clustering of the data within centres nested within countries plus adjusting for an indicator variable for fish consumption. Lean and fatty fish consumptions were analysed in mutually adjusted models. ‡ As model 1 plus adjusting for age, BMI at enrolment, menopausal status (women only), highest educational level achieved, smoking status, physical activity level, total energy intake and an indicator variable for the plausibility of reported energy intake. § n 137 457 for women and n 28 296 for men.
